INTRODUCTION {#SEC1}
============

The clustered regularly interspaced short palindromic repeats (CRISPRs) and the CRISPR-associated (Cas) proteins are at the basis of bacterial and archaeal adaptive and inheritable immune systems that protect microorganisms from invasive phages and plasmids ([@B1]--[@B3]). CRISPR genomic loci are composed of arrays of direct repeats separated by variable sequences, called spacers, which are generally derived from invader genetic elements ([@B4]--[@B6]). Repeats usually show some dyad symmetry potentially allowing formation of DNA cruciform structures and hairpin-loop folds in RNA transcripts. Within a locus, repeats and inserts each have conserved size, typically 20--50 bp in length, depending on the considered CRISPR system type. Immediately upstream to this repeat-spacer array is an AT-rich region called leader, which harbors a transcription promoter ([@B7],[@B8]). *In vivo*, this region is essential for acquisition of new spacers ([@B9]).

Cas proteins are encoded by genes located at the vicinity of the CRISPR loci ([@B10],[@B11]). These proteins are involved in the three major steps of the CRISPR--Cas system mode of action: adaptation, expression and interference. During adaptation, protospacer sequences are selected among invader DNA pieces and inserted at the leader-proximal end of a CRISPR array to generate an additional spacer ([@B12]). In the expression phase, the repeat-spacer array is transcribed from the leader into a pre-crRNA that is further cleaved within each repeat into individual shorter crRNAs ([@B13],[@B14]). During the interference phase, invading nucleic acids matching a crRNA are recognized and degraded by a ribonucleoprotein complex associating the crRNA and dedicated Cas proteins ([@B13],[@B15]--[@B16]).

To be integrated at a CRISPR locus, protospacers formed from invader DNA need to be flanked by a special adjacent motif of 2--5 nucleotides ([@B17]--[@B19]). These protospacer adjacent motifs (PAMs) direct the orientation of the newly acquired spacer with respect to the position of the leader sequence. Presence of such PAMs in invader DNA explains the resistance of the cell to auto-immunity ([@B20],[@B21]). Indeed, PAMs govern integration at a CRISPR locus during adaptation and, in turn, only DNAs harboring PAMs are cleavable during the interference phase ([@B16],[@B22]--[@B23]). As a consequence, the interference machinery does not recognize the CRISPR DNA locus because the latter no longer contains PAM sequences adjacent to the spacers. Only the invading DNA pieces, which harbor a PAM, can be attacked.

While the molecular mechanisms involved in the expression and interference phases are now well characterized, some features of the adaptation phase remain to be deepened ([@B24],[@B25]). Genetic experiments have shown that, in *Escherichia coli* K-12, Cas1 and Cas2 proteins sustain new spacer acquisition ([@B9]). These two proteins form a stable complex in which a Cas2 dimer links two Cas1 dimers ([@B26]). Structural and biochemical data indicate that, when captured by Cas1--Cas2, a DNA protospacer adopts a dual forked form with a central double-stranded stem flanked by single-stranded overhangs ([@B27],[@B28]). Cas2 recognizes the double-stranded region while Cas1 binds the 3΄ single-stranded flanks. At this stage, Cas1 may cleave the protospacer at the correct position with respect to its PAM ([@B28]) and catalyze its integration as a new spacer at a CRISPR locus ([@B27],[@B28]). In *E. coli*, the RecBCD double-stranded DNA break repair complex appears to be involved in the generation of the partially single-stranded DNA fragments that are further captured by Cas1--Cas2 prior to integration ([@B29]).

Several features of the integration reaction have already been revealed by *in vitro* experiments. Purified *E. coli* Cas1--Cas2 complex catalyzes a half-site integration, i.e. the covalent attachment of a double stranded oligonucleotide to an acceptor DNA ([@B30]). A high activity was found when protospacers possessed a 5-nucleotides 3΄-overhang and plasmid acceptor DNA was supercoiled, whatever the presence or absence of a functional CRISPR locus in the plasmid ([@B27]--[@B28],[@B30]). With plasmids carrying a CRISPR locus, ∼70% of the half-site integration events take place at the borders of all CRISPR repeats. With the control plasmid devoid of CRISPR locus, frequent integration sites were found adjacent to a plasmid inverted repeat sequence having a propensity to form a DNA cruciform fold ([@B30]). These observations, together with the requirement of supercoiled acceptor plasmid DNA for integration ([@B30]) and the high affinity of Cas1 alone for cruciform DNA structures ([@B31]), suggested that recognition by Cas1--Cas2 of a cruciform DNA is an important step in the protospacer integration reaction. *In vivo*, integration takes place at the leader-repeat boundary only. Presence in the leader region of a binding site for integration host factor (IHF) ([@B32]), a heterodimeric protein that binds to numerous gene regulation regions in *E. coli* ([@B33]), is involved in the specificity of this reaction. One IHF subunit has previously been identified among the proteins co-purifying with Cas1 ([@B31]). However, whether a direct contact between IHF and Cas1--Cas2 occurs in the course of the recognition of the CRISPR locus remains to be determined.

*In vitro* studies have also revealed that bases −2, −1 and +1 at the leader-repeat boundary governed the rate of the disintegration reaction (the reverse of the half-site integration reaction) catalyzed by Cas1 *in vitro* ([@B34]). Since an enzyme cannot change the equilibrium between the integration and disintegration reactions, a higher disintegration rate actually implies a higher integration rate.

We undertook the present study to go deeper in the dissection of the repeat motif sequence and/or of the leader elements at a CRISPR locus that are involved in Cas1--Cas2 integrase binding. To this end, we implemented electrophoretic mobility shift assays (EMSAs) in order to follow complex formation between Cas1--Cas2, the protospacer and the acceptor plasmid DNA *in vitro*. Results show that a long-lived complex associating the three partners can be formed provided acceptor DNA is supercoiled and displays a CRISPR locus. Systematic assays with 30 mutated CRISPR loci indicate that, in fact, the presence of one palindromic motif of the repeat is enough to obtain the long-lived complex, whatever the presence or absence of a contiguous leader region. Mutagenesis of the bases in this motif shows that most of them are important to drive the interaction.

MATERIALS AND METHODS {#SEC2}
=====================

Cloning {#SEC2-1}
-------

A plasmid expressing both native Cas1 and a C-terminal His~6~-tagged version of Cas2 was constructed by amplifying the *cas1* and *cas2* genes from the chromosomal DNA of *E. coli* K12 (MG1655 ([@B35])) using oligonucleotides OCN504 and OCN483 for *cas1*, and OCN506 and OCN507 for *cas2* ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Amplified *cas1* was inserted between the NcoI and PstI sites of pETDuet-1 expression vector (Novagen) and amplified *cas2* was inserted into the NdeI and KpnI sites of the resulting plasmid, to give plasmid pMFC1+CTc2.

A plasmid only expressing an N-terminal His~6~-tagged version of Cas1 was constructed by amplifying the *cas1* gene from the chromosomal DNA of strain MG1655, using oligonucleotides OCN482 and OCN483 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Amplified *cas1* was inserted between the NcoI and PstI sites of pETDuet-1 to give plasmid pMFCT1.

To clone wild-type and mutant CRISPR loci, plasmids pCOLA-Z0, pBS-Z0 and pBS-Z2 to -Z29 were constructed by annealing two oligonucleotides ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and inserting the resulting fragment into the SacI and KpnI sites of pCOLADuet-1 (Novagen) or pBluescript SK+ (Agilent Technologies), respectively. Plasmid pBS-Z1 was constructed by inserting into SacI-KpnI-cut pBluescript SK+ a SacI-KpnI fragment harboring the last 62 bp of the CRISPR leader region, two repeats and a spacer derived from the cII gene of bacteriophage λ. The sequence of this insert is given in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

Gene expression and protein purification {#SEC2-2}
----------------------------------------

Cas1--Cas2 complex was purified from FB810 cells (a *recA*^---^ derivative of BL21(λDE3) ([@B36])) transformed with plasmid pMFC1+CTc2. This strain expressed both native Cas1 and a C-terminally His~6~-tagged Cas2. Cells were grown at 37°C in 8 l of 2xTY medium containing 100 μg/ml ampicillin. When the optical density of the culture reached 0.7 at 650 nm, IPTG was added at a final concentration of 0.4 mM, and cells were further incubated at 22°C for 24 h. They were harvested by centrifugation (5000 g, 30 min) and resuspended in 300 ml of buffer A (20 mM Tris--HCl, pH 7.5, 150 mM KCl, 2 mM 2-mercaptoethanol) containing two complete EDTA-free protease inhibitor cocktail tablets (Roche). Cells were disrupted by sonication (10 min, 4°C) and debris was removed by centrifugation (35 000 g, 20 min). The supernatant was applied on a Talon column (5 ml, Clontech) equilibrated in buffer A, then washed with buffer A and eluted with a linear gradient from 0 to 200 mM imidazole in buffer A (1 ml/min, 3.5 mM/min). Fractions containing His~6~-tagged Cas1--Cas2 complex were identified by SDS-PAGE analysis. They were pooled, precipitated by ammonium sulfate (70% saturation) and centrifuged for 20 min at 12 000 g. The pellet was resuspended with 0.6 ml of buffer A and dialyzed against the same buffer. The resulting sample (2 ml) was loaded on a Superdex-75 molecular sieve column (16 × 60 cm, GE Healthcare) equilibrated and eluted with buffer A (0.4 ml/min). Fractions containing the Cas1--Cas2 complex were pooled, dialyzed against buffer B (20 mM Tris--HCl, pH 7.5, 150 mM NaCl, 0.1 mM dithiothreitol (DTT), 60% glycerol), and stored at −20°C. SDS-PAGE analysis indicated that impurities in the Cas1--Cas2 preparation were lower than 10%.

N-terminally His~6~-tagged Cas1 was purified from strain BL21(λDE3) (Novagen) transformed with pMFCT1 plasmid. Cells were grown in 1 l of 2× TY medium containing 100 μg/ml ampicillin. Induction by IPTG and disruption of the cells (in 40 ml) were performed as described above for Cas1--Cas2 purification. Cell extract was applied on a 2 ml Talon column which was washed and eluted as described above, except that the flow rate was 0.5 ml/min. Fractions containing tagged Cas1 were pooled, brought to 1.2 M ammonium sulfate and applied on a Widepore HI-Propyl column (0.5 × 5.5 cm, particle size 15 μm, Baker) equilibrated in a 20 mM Tris--HCl buffer (pH 7.5) containing 1.7 M ammonium sulfate and 0.1 mM DTT. Elution was carried out with a linear gradient of 1.7--0 M ammonium sulfate (0.15 ml/min, 1 M/h) in a 20 mM Tris--HCl buffer (pH 7.5) containing 0.1 mM DTT. Fractions containing Cas1 were pooled, dialyzed against buffer A and purified again on a Talon column. The resulting protein sample was concentrated by ammonium sulfate precipitation (70% saturation), dialyzed against buffer B and stored at --20°C. The homogeneity of the purified Cas1 protein was estimated by SDS-PAGE analysis to be \>90%.

Electrophoretic mobility shift assays {#SEC2-3}
-------------------------------------

EMSAs were performed using unlabeled or fluorescent 5΄ DY682- or DY782-labeled oligonucleotides (from MWG). Pre-annealed double-stranded protospacer molecules (40--400 nM) were first incubated with Cas1--Cas2 (0-280 nM) for 10--15 min at 22°C in a 20 mM Hepes--KOH buffer (pH 7.5) containing 50 mM KCl, 5 mM EDTA, 1 mM DTT, 0.15% (v/v) Tween 20 and 100 μg/ml bovine serum albumin. Then, target plasmid DNA (7.5 nM) was added and incubation was continued at 22°C for the time indicated in the figures. Resulting samples were separated by electrophoresis in 0.5% (w/w) agarose gels containing 45 mM Tris-borate (pH 8.3) and 1 mM EDTA. Gels were scanned with a Li-Cor Odyssey CLx imaging system before staining with ethidium bromide. poly(dI-dC) was from Sigma. Before use, it was dialyzed against a 1 mM Hepes-KOH buffer (pH 7.5).

To estimate the apparent *K*~d~ value governing the interaction between Cas1--Cas2--protospacer complex and acceptor DNA, EMSAs were performed in the presence of 7.5 nM acceptor plasmid DNA, 0--400 nM Cas1--Cas2 and protospacer. Protospacer concentration was systematically in excess over that of Cas1--Cas2 by a factor of 1.2. Iterative nonlinear fits of the theoretical binding equation to the experimental values were performed using the Levenberg--Marquardt algorithm ([@B37]) and assuming the binding of one binary complex to acceptor plasmid DNA.

Protospacer half-site integration assays {#SEC2-4}
----------------------------------------

Complexes between Cas1--Cas2 and DNA were prepared as described above for EMSAs. After the indicated incubation times at 22°C, MgCl~2~ was added at a final concentration of 10 mM (5 mM in excess over the EDTA concentration). After additional incubation of 5 min at 22°C, the reaction was stopped by addition of EDTA (20 mM final) and SDS (0.5% (w/w) final). Resulting samples were analyzed by agarose gel electrophoresis as described above for EMSAs.

RESULTS {#SEC3}
=======

Cas1--Cas2, protospacer and CRISPR-containing plasmid DNA form a stable ternary complex. {#SEC3-1}
----------------------------------------------------------------------------------------

The ability of Cas1--Cas2 complex to bind both protospacer and target DNA was studied by agarose gel mobility assays using a 5΄ fluorescent-labeled model protospacer and a CRISPR-containing plasmid as the acceptor. Because recently determined structures of Cas1--Cas2--protospacer complexes showed that a privileged ligand of Cas1--Cas2 was a 23-bp duplex flanked by 3΄-terminal non-paired overhangs of five nucleotides ([@B27],[@B28]), we chose such dual-forked DNAs as potential model protospacers. In a first step, protospacers P1, Q1 and R1 were designed (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for the corresponding oligonucleotide sequences). The binding results obtained with these three protospacers were very similar. One of them (P1, Figure [1](#F1){ref-type="fig"}) was adopted for further experiments. Acceptor DNA was the supercoiled pBS-Z0 plasmid, a pBluescript SK+ derivative harboring both one CRISPR repeat and a truncated 62-bp region of the leader sequence that is sufficient to obtain acquisition of new inserts *in vivo* ([@B9]). Our incubation buffer contained EDTA to prevent covalent reaction of the protospacer with the plasmid DNA ([@B30]).

![Formation of a stable ternary complex between Cas1--Cas2, protospacer P1 and CRISPR-containing plasmid pBS-Z0. Samples contained combinations of the indicated compounds: 400 nM of the 5΄ DY782-labeled protospacer P1 (sequence at the top of the Figure), 140 nM of Cas1 or of Cas1--Cas2 complex and 7.5 nM of either supercoiled pBS-Z0, supercoiled pBluescript SK+ or KpnI-cut pBS-Z0. The sample with Cas1--Cas2, protospacer P1 and supercoiled plasmid pBS-Z0 was also treated with SDS at a final concentration of 0.5% (w/w) prior to electrophoresis (lane 11). All samples were analyzed by EMSA. The gel was scanned for fluorescence of DY782 (in green) and stained with ethidium bromide. The right side of the Figure is a zoom of the central part of the gel.](gkw1309fig1){#F1}

Analysis of a sample containing Cas1--Cas2 (140 nM), 5΄ DY782-protospacer P1 (400 nM) and CRISPR-containing plasmid pBS-Z0 (7.5 nM) revealed a discrete band migrating slightly more slowly than supercoiled pBS-Z0. This band could be efficiently stained with ethidium bromide and was fluorescent upon excitation of the DY782 marker (Figure [1](#F1){ref-type="fig"}, lane 1). In the absence of either Cas1--Cas2, protospacer or acceptor DNA, the fluorescent slower-migrating band did not appear (Figure [1](#F1){ref-type="fig"}, lanes 2, 3 and 9). Therefore, this band was assumed to correspond to a ternary complex composed of Cas1--Cas2, fluorescent protospacer and plasmid DNA. This complex was non-covalent since it disappeared upon SDS addition to the sample before electrophoresis (Figure [1](#F1){ref-type="fig"}, lane 11).

With control plasmid pBluescript SK+, no ternary complex could be detected (Figure [1](#F1){ref-type="fig"}, lane 6), suggesting that the presence of a CRISPR locus on pBS-Z0 was necessary to the formation of a stable ternary complex. This conclusion was confirmed by introducing the same CRISPR locus region into another plasmid, pCOLADuet-1. Again, a fluorescent band appeared with the sample containing Cas1--Cas2, protospacer and plasmid DNA. It migrated slightly more slowly than supercoiled DNA ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}, lane 2). No band was visible when using the control plasmid pCOLADuet-1. Control experiments were performed in the presence of Cas1 alone instead of Cas1--Cas2. No ternary complex could be detected (Figure [1](#F1){ref-type="fig"}, lane 5 and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}, lane 6), showing that formation of the ternary complex requires the presence of Cas2.

Binding experiments were performed at a given concentration of pBS-Z0 (7.5 nM), in the presence of various concentrations of Cas1--Cas2 (0--400 nM) and of protospacer in excess over Cas1--Cas2 (see Materials and Methods). The gels of [Supplementary Figure S3](#sup1){ref-type="supplementary-material"} show that addition of Cas1--Cas2 increased the amount of bound plasmid at the expense of free plasmid. An apparent dissociation constant of 8.7 ± 1.3 nM could be deduced, assuming a 1:1 stoichiometry. With non-CRISPR pBluescript SK+, no association of the Cas1--Cas2--protospacer complex could be detected (gel is shown in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The same experiments, with pBS-Z0 and pBluescript SK+, were performed in the absence of protospacer. Smears became visible on the gels at the highest concentrations of Cas1--Cas2. In parallel, the intensities of the free plasmids decreased, suggesting weak binding of Cas1--Cas2 to acceptor DNA, likely at non-specific sites. The deduced binding curves indicated decrease in affinity by a factor \>10, if compared to the curve obtained with pBZ-Z0 in the presence of protospacer. Altogether, the results show that (i) the affinity for Cas1--Cas2--protospacer complex is much higher when the acceptor plasmid carries a CRISPR locus and (ii) non-specific Cas1--Cas2 binding at other sites is disfavored when the protospacer is present. In brief, protospacer has a synergistic action toward Cas1--Cas2 recruitment at a CRISPR site whereas it is antagonistic towards non-specific binding at non-CRISPR sites.

Supercoiling of the acceptor DNA molecule was previously shown to favor *in vitro* half-site integration of a protospacer catalyzed by Cas1--Cas2. As shown in Figure [1](#F1){ref-type="fig"} (lane 8), linearized pBS-Z0 and pCOLA-Z0 plasmids failed to form a stable ternary complex with Cas1--Cas2 and protospacer DNA, evidencing that formation of such a complex indeed needs supercoiled acceptor DNA.

The ternary complex between Cas1--Cas2, protospacer and CRISPR-containing plasmid DNA is long-lived {#SEC3-2}
---------------------------------------------------------------------------------------------------

Chase experiments were performed to estimate the lifetime of the ternary complex described above. A complex between Cas1--Cas2, pBS-Z0 and unlabeled protospacer P1 or protospacer P1 labeled with DY782 (DY682) was left to form for 10 min at 22°C. Next, protospacer P1 carrying DY682 (DY782) was added. The samples were further incubated at 22°C for various times before analysis on an electrophoresis agarose gel. After 4 h of incubation, \<2% of the initial protospacer engaged in a binary complex with Cas1--Cas2 or in a ternary complex with Cas1--Cas2 and acceptor DNA had exchanged with the chase protospacer (Figure [2](#F2){ref-type="fig"}). Similar slow exchanges between free- and protein-bound protospacer were observed whatever the labeling of the chased protospacer (5΄-labeled with DY682 or DY782, or unlabeled), excluding that the 5΄-fluorescent label could have interfered with the high stability of the binary complex between Cas1--Cas2 and protospacer DNA.

![Lifetime of complexes between Cas1--Cas2, protospacer and acceptor DNA: chase with the addition of free protospacer. Samples contained 200 nM of protospacer P1 (Figure [1](#F1){ref-type="fig"}), 140 nM of Cas1--Cas2 and 7.5 nM of pBS-Z0. Protospacer P1 was either unlabeled (N) or labeled with DY782 (G) or DY682 (R). After 10 min at 22°C, an identical protospacer, but with a different fluorophore (R or G), was added and incubation was continued at 22°C for the indicated times. Resulting samples were analyzed by EMSA. The gel was scanned for fluorescence of DY782 (in green) or DY682 (in red) and stained with ethidium bromide. On the entire gel shown on the left side of the Figure, the DY782 and DY682 images are superimposed. The right side is a zoom of the central part of the gel.](gkw1309fig2){#F2}

The above experiment demonstrates that protospacer association within the binary or the ternary complex is remarkably long-lived. We next examined whether, once bound to acceptor DNA, the binary Cas1--Cas2--protospacer complex could rapidly exchange with binary complexes free in solution. To address this question, two mixtures were performed. One contained Cas1--Cas2, DY782-labeled protospacer (green) and pBS-Z0 DNA. The other one contained Cas1--Cas2, DY682-labeled protospacer (red) and pCOLA-Z0, a bigger CRISPR-containing plasmid. The two samples were mixed and incubation at 22°C was started. Figure [3](#F3){ref-type="fig"} shows that, after 4 h of incubation, \<5% of the initial complex had exchanged with the complex of the other color, hence demonstrating that, beyond the stable binary Cas1--Cas2 protospacer complex, the ternary complex including acceptor DNA is also long-lived.

![Lifetime of complexes between Cas1--Cas2, protospacer and acceptor DNA: chase with the addition of Cas1--Cas2-bound protospacer. Two samples were prepared. One contained 200 nM of DY782-labeled protospacer P1 (Figure [1](#F1){ref-type="fig"}), 140 nM of Cas1--Cas2 and 7.5 nM of pBS-Z0. The other one was identical except that protospacer P1 was labeled with DY682 instead of DY782 and that acceptor DNA was pCOLA-Z0 instead of pBS-Z0. After 15 min incubation at 22°C, the two samples were mixed and incubation at 22°C was continued for the indicated times. Resulting samples were analyzed by EMSA. The gel was scanned for fluorescence of DY782 (in green) or DY682 (in red). Shown is the part of the gel where ternary complexes migrate.](gkw1309fig3){#F3}

Non-CRISPR DNA competes with CRISPR DNA for binding to Cas1--Cas2 {#SEC3-3}
-----------------------------------------------------------------

The above results show that formation of a stable complex between Cas1--Cas2, protospacer and acceptor DNA requires the presence of a CRISPR locus on the acceptor DNA. However, it was previously shown that, *in vitro*, Cas1--Cas2 may integrate a protospacer at sites different from the CRISPR locus ([@B30]). This implied that non-CRISPR DNA sequences can bind Cas1--Cas2. As shown in Figure [1](#F1){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, Cas1--Cas2 association with pBluescript SK+ in the presence of protospacer could not, however, be directly evidenced in EMSA conditions. This may reflect inability of a non-CRISPR DNA ternary complex to resist electrophoresis conditions. To solve this paradoxical question, we measured ternary complex formation with CRISPR-carrying plasmid pCOLA-Z0 in the presence of various concentrations of non-specific competitor DNA. These EMSA experiments were performed at a Cas1--Cas2 concentration (3 nM) lower than that of acceptor DNA (7.5 nM). Various concentrations of competitor DNA were added to the sample prior to pCOLA-Z0 addition. Next, the sample was left to incubate for various times (1-4 h). In the presence of either a non-CRISPR plasmid (pBluescript SK+) or poly(dI-dC) as competitors, ternary complex formation with plasmid pCOLA-Z0 decreased as a function of competitor DNA concentration (Figure [4](#F4){ref-type="fig"}). At a ratio of 16 between the concentrations (in bp) of non-CRISPR and CRISPR plasmids, the amount of the ternary complex formed with the pCOLA-Z0 CRISPR plasmid was reduced by a factor of ∼2. At a ratio of 16 between poly(dI-dC) competitor and acceptor DNA bp concentrations, inhibition was smaller, with 17% reduction of the ternary complex intensity. Whatever the pBluescript SK+ concentration in the assay, ternary complex formation with this plasmid could never be detected on the gel. These results indicated that the apparent affinity for CRISPR DNA in ternary complex formation was much higher than that for non-specific DNA. Moreover, the inability of non-specific DNA--Cas1--Cas2--protospacer complex to resist EMSA conditions is confirmed.

![Inhibition by non-specific DNA in the formation of a ternary complex between Cas1--Cas2, protospacer P1 and CRISPR-containing plasmid pCOLA-Z0. Samples were prepared by mixing 40 nM of DY782-labeled protospacer P1 (Figure [1](#F1){ref-type="fig"}), 3 nM Cas1--Cas2 and various concentrations of either pBluescript SK+ (blue symbols) or poly(dI-dC) (red symbols) as competitor DNA. After 10 min at 22°C, 7.5 nM of target CRISPR-containing plasmid pCOLA-Z0 was added (27 μM in bp) and incubation was continued for 2 h at 22°C. Resulting samples were analyzed by EMSA. The gel was scanned for fluorescence of DY782. In the graph, the intensity of the band of the ternary complex formed with pCOLA-Z0 is calculated as a percentage of the intensity obtained in the absence of competitor DNA. Experiments were made in triplicate. Error bars represent standard deviations (SD). The gels under the graph display a representative example of the experiments. Shown are the parts of the gels where ternary complexes migrate.](gkw1309fig4){#F4}

Formation of complexes between Cas1--Cas2--protospacer and CRISPR or non-CRISPR DNA was also studied in the presence of Mg^2+^ ions. In these ionic conditions, Cas1--Cas2 was reported to mediate covalent half-site integration of a protospacer into acceptor DNA ([@B30]). After incubation (see Materials and Methods), SDS was added to dissociate enzyme from DNA prior to agarose gel electrophoresis. In the presence of either a CRISPR or a non-CRISPR plasmid as acceptor DNA, a fluorescent band migrating close to that of the open-circular plasmid became visible on the gel. This band reflects covalent attachment of the fluorescent protospacer, which is accompanied by the introduction of a nick into the plasmid.

Competition experiments in the covalent reaction of protospacer with CRISPR (pCOLA-Z0) or non-CRISPR (pBluescript SK+) plasmids indicated that the reaction with CRISPR DNA was much favored (Figure [5](#F5){ref-type="fig"}). Interestingly, the shape of the inhibition curve as a function of non-CRISPR DNA obtained in these experiments (Figure [5](#F5){ref-type="fig"}) resembled that observed in the inhibition of ternary complex formation (Figure [4](#F4){ref-type="fig"}). Altogether this set of experiments suggest that the long-lived ternary complex involving CRISPR DNA is proficient in catalyzing grafting of protospacer to acceptor DNA, provided Mg^2+^ ions are present.

![Inhibition by non-specific DNA of the Cas1--Cas2-catalyzed half-site covalent reaction of protospacer P1 with CRISPR-containing plasmid pCOLA-Z0. Samples were prepared by mixing 40 nM DY782-labeled protospacer P1 (Figure [1](#F1){ref-type="fig"}), 3 nM Cas1--Cas2 and various concentrations of pBluescript SK+ as competitor DNA. After 10 min at 22°C, 7.5 nM of CRISPR-containing plasmid pCOLA-Z0 was added (27 μM in bp) and incubation was continued for 2 h at 22°C. At this step, covalent reaction was started by addition of 10 mM MgCl~2~ (in excess of EDTA (5 mM) already present). After a further incubation of 5 min at 22°C, reactions were quenched by addition of SDS (0.5%, w/w) and excess EDTA (20 mM). Resulting samples were analyzed on a 0.5% agarose gel, which was scanned for fluorescence of DY782. In the graph, the intensity of the band corresponding to integration of the protospacer into pCOLA-Z0 (blue symbols) or pBluescript SK+ (green symbols) is shown as a percentage of the intensity of the product obtained with pCOLA-Z0 in the absence of competitor. Experiments were made in triplicate. Error bars represent SD. The gel under the graph displays a representative example of the experiments. Shown is the part of the gel where integration products migrate.](gkw1309fig5){#F5}

Various protospacer mimics can form stable complexes in the presence of both Cas1--Cas2 and a CRISPR-containing plasmid {#SEC3-4}
-----------------------------------------------------------------------------------------------------------------------

We next investigated the ability of various oligonucleotides to form stable complexes with Cas1--Cas2 and CRISPR-containing plasmid pBS-Z0. Fluorescent oligonucleotides assayed were variants of a reference protospacer P0 (Figure [6](#F6){ref-type="fig"}), which consists of a base-paired stem of 23 bp with 5-nucleotides 3΄- and 5΄-overhangs. Some of the oligonucleotides we examined possessed a C at position 5 of the 3΄-overhang, which corresponds to a base of the PAM that is believed to specifically interact with Cas1 ([@B28]). Some possessed the entire CTT PAM sequence (Figure [6](#F6){ref-type="fig"}).

![Formation of a ternary complex between Cas1--Cas2, CRISPR-containing plasmid pBS-Z0 and various protospacer mimics. Sequence of the reference protospacer P0 is shown at the top of the Figure. Changes relative to this sequence are indicated beneath. The sequences of all oligonucleotides are given in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Several of the assayed oligonucleotides contained a C at their 3΄-end(s). This base corresponds to a base of the PAM that is specifically recognized by Cas1 ([@B28]). Samples contained 400 nM of the oligonucleotide under study, 280 nM Cas1--Cas2 and 7.5 nM pBS-Z0. After 2 h incubation at 22°C, samples were analyzed by EMSA. The gel was scanned for fluorescence of DY782. In the histogram, the intensities of the bands obtained with each oligonucleotide are given as percentages of the intensities obtained with the P0 reference protospacer. Experiments were made in triplicate. Error bars represent SD. The gel under the histogram is a representative example of the experiments. The upper panel shows the part of the gel where Cas1--Cas2--protospacer complexes migrate whereas the lower panel shows the region of ternary complexes (see Figure [1](#F1){ref-type="fig"} for the image of an entire gel). To improve the visualization of the ternary complexes, the brightness intensity of the lower panel was increased by a factor of 6 as compared to that used in the upper panel.](gkw1309fig6){#F6}

Single-stranded oligonucleotides did not form stable complexes either with Cas1--Cas2 alone or with Cas1--Cas2 plus the CRISPR-containing plasmid pBS-Z0 (Figure [6](#F6){ref-type="fig"}). In contrast, perfectly or non-perfectly matched duplexes all formed detectable binary complexes with Cas1--Cas2. Slight discrepancies between mobilities of these complexes is explained by the lengths of the protospacers. The longer the protospacer, the higher was the mobility in the gel, likely because of a higher negative electric charge. In some cases (oligonucleotides P13 to P15 in Figure [6](#F6){ref-type="fig"}), the binary complex migrated as a smear rather than as a distinct spot, suggesting partial dissociation of the complex under electrophoresis conditions. Most of the assayed oligonucleotides formed stable ternary complexes with Cas1--Cas2 plus pBS-Z0 (Figure [6](#F6){ref-type="fig"}). Duplexes with two 3΄-overhangs longer than five bases (P9 to P11) failed, however, to associate with the plasmid. Complex formation with oligonucleotides having one 3΄-overhang longer than five bases (P6 to P8) was significantly smaller than that observed with the other oligonucleotides. Therefore, exceeding length of the 3΄-overhang appears unfavorable in the formation of a stable ternary complex.

The palindromic motif of the CRISPR repeat is determinant in the formation of a stable complex with Cas1--Cas2 and protospacer DNA {#SEC3-5}
----------------------------------------------------------------------------------------------------------------------------------

To determine which part of the leader-repeat sequence is necessary to drive stable complex formation in the presence of Cas1--Cas2 and protospacer P1, 29 variants of pBS-Z0 were constructed. Deletions were introduced in the leader or in the repeat region of a minimalist CRISPR locus. Stable ternary complexes with Cas1--Cas2 and protospacer occurred with plasmids pBS-Z2 and pBS-Z4, despite the shortened leader region (Figure [7](#F7){ref-type="fig"}). In contrast, absence of the repeat (pBS-Z3) prevented formation of the ternary complex. Therefore, we concluded that the repeat was necessary and sufficient for the formation of a stable ternary complex. With pBS-Z1, which harbors two repeats, two fluorescent bands were visible on the gel, suggesting formation of plasmids with either one or two bound Cas1--Cas2--protospacer binary complexes (Figure [7](#F7){ref-type="fig"}).

![Binding of a Cas1--Cas2--protospacer complex to various mutant CRISPR loci. Mutant CRISPR loci introduced into plasmid pBluescript SK+ are schematized at the top of the Figure. The leader, repeat and spacer regions are shown as pink, blue and white rectangles, respectively. Over the sequence of pBS-Z4, the position of the repeat is delineated by black triangles. The first two bases of the shown sequences (pink background) correspond to bases --2 and --1 of the leader-repeat-junction. Point mutations introduced in the repeat sequence are in red. Palindromic motifs are boxed. Mutation numbers (n) refer to the name of the plasmids (pBS-Zn, see Materials and Methods and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Samples contained 400 nM of protospacer P1 (Figure [1](#F1){ref-type="fig"}), 280 nM of Cas1--Cas2 and 7.5 nM of the plasmid under study. After 2 h incubation at 22°C, they were analyzed by EMSA. The gel was scanned for fluorescence of DY782. In the histogram, the intensity of the band corresponding to the ternary complex is shown as a percentage of the intensity obtained with the wild-type CRISPR sequence (pBS-Z0). Experiments were made in triplicate. Error bars represent SD. The gel under the histogram displays a representative example of the experiments. Shown is the part of the gel where ternary complexes migrate.](gkw1309fig7){#F7}

The wild-type repeat contains a palindromic motif that may adopt a cruciform DNA structure with two seven-base stems and two four-base loops. Mutations outside the motif (pBS-Z20, -Z21, -Z26 and -Z27) had much smaller effects than mutations involving the motif (pBS-Z5 to -Z7, -Z9) (Figure [7](#F7){ref-type="fig"}). In addition, complete leader deletion of the leader sequence (pBS-Z8, -Z20, -Z26 and -Z27) did not prevent stable ternary complex formation. These results point out the importance of either the palindromic sequence itself or the formation of a hairpin structure. They also show that the leader sequence of PBS-Z0 is fully dispensable.

We noted that pBluescript SK+ and the above-mentioned plasmids contained a palindromic sequence in the ampicillin resistance gene. The same palindromic sequence is carried by pUC19, which allowed Nuñez *et al.* to show that non-CRISPR palindromic motifs may promote integration *in vitro* ([@B30]). Lack in our study of long-lived ternary complex formation with pBluescript SK+ (Figure [1](#F1){ref-type="fig"}) or several of its derivatives (Figure [7](#F7){ref-type="fig"}) argued against the idea that the palindrome in the ampicillin resistance gene is enough to obtain stable Cas1--Cas2 recruitment. To probe the hypothesis that the nucleotide sequence composing the palindrome is of primary importance, we constructed pBS-Z28, in which the CRISPR repeat of pBS-Z0 was replaced by the palindromic repeat in the type I-B CRISPR system of *Haloarcula hispanica*. We also constructed pBS-Z29, where the repeat was substituted by the palindromic motif in the ampicillin resistance gene of pUC19. With both plasmids, stable ternary complex formation could not be detected (Figure [7](#F7){ref-type="fig"}). We concluded that the palindrome nucleotide sequence governs Cas1--Cas2 recruitment.

To map important bases of the palindromic sequence, we mutated bases in the stem and the loop of the putative hairpin (Figure [8](#F8){ref-type="fig"}). Mutations in pBS-Z11 to -Z13 of positions 2, 3 or 4 of the loop (these positions refer to the strand shown in Figure [8](#F8){ref-type="fig"}; in the complementary strand, complementary mutations are at positions 3, 2 and 1, respectively), inversion of the base pair at position 1 of the stem (pBS-Z22) or insertion of one nucleotide in the loop (pBS-Z25) did not modify or only slightly changed the intensity of the ternary complex (Figure [8](#F8){ref-type="fig"}). In contrast, mutation of base 1 in the loop (pBS-Z10), inversion of base pairs at positions 6 or 7 in the stem (pBS-Z18 and -Z19) or mismatches at position 4 in the stem (pBS-Z23 and -Z24) drastically reduced the intensity of the ternary complex. Finally, inversion of base pairs at positions 2, 3, 4 or 5 of the stem (pBS-Z14 to -Z17) fully abolished stable ternary complex formation. The set of results indicates importance of many bases in the palindromic motif region.

![Binding of a Cas1--Cas2--protospacer complex to various mutant CRISPR repeats. Mutations introduced into the CRISPR repeat harbored by plasmid pBS-Z4 (Figure [7](#F7){ref-type="fig"}) are shown at the left side of the Figure. Mutation numbers (*n*) refer to the name of the plasmids (pBS-Zn, see Materials and Methods and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). For the sake of clarity, the palindromic region of the repeat is shown as a hairpin. Base pairs forming the stem are numbered from 1 to 7. Bases forming the loop are numbered from 1 to 4. Formation of such a hairpin on supercoiled plasmid is likely. Note, however, that Cas1--Cas2 has never been demonstrated to associate with such a structure (see text). Samples contained 400 nM of protospacer P1 (Figure [1](#F1){ref-type="fig"}), 280 nM of Cas1--Cas2 and 7.5 nM of the plasmid under study. After a 2 h incubation at 22°C, they were analyzed by EMSA. The gel was scanned for fluorescence of DY782. In the histogram, the intensity of the band corresponding to the ternary complex is shown as a percentage of the intensity obtained with the wild-type repeat sequence (pBS-Z4). Experiments were made in triplicate. Error bars represent SD. The gel under the histogram displays a representative example of the experiments. Shown is the part of the gel where ternary complexes migrate.](gkw1309fig8){#F8}

DISCUSSION {#SEC4}
==========

The integration of a new spacer in a CRISPR locus must be specific because outside integration would be deleterious for the cell. Here, we show that the sequence of the palindromic motif of the repeat is strongly recognized by Cas1--Cas2 when a protospacer is present. As a result, a highly stable ternary complex forms between the Cas1--Cas2--protospacer complex and a plasmid containing this motif. In this condition, it is difficult to understand why, *in vivo*, integration is restricted to the leader-proximal repeat junction and does not occur at all repeats. As mentioned in the Introduction section, two other specificity determinants, an IHF-binding site in the leader region and the bases --2, --1 and +1 at the leader-repeat boundary, were shown to improve the adaptation reaction ([@B32],[@B34]). In fact, none of these determinants alone can account for the specificity observed *in vivo*. Many IHF-binding sites are encountered in the *E. coli* genome, and the three-base motif such as that at the leader-repeat boundary is frequent. We may imagine that all three features, IHF binding site, three-base motif and the palindromic motif, have to cooperate to designate the correct integration site *in vivo*.

One may ask why the Cas1--Cas2--protospacer complex has retained the capacity to bind non-CRISPR DNA. Here, we show that the affinity and lifetime of the complex formed between Cas1--Cas2, protospacer and non-specific DNA are much smaller than that of the complex with CRISPR DNA, as shown by the inability of non-specific complexes to resist electrophoresis conditions. Non-specific binding has been documented in the cases of several highly specific DNA-binding proteins ([@B38]). Benefit of this behavior was argued to be an acceleration of the rate of target location by the proteins with search by one-dimensional instead of three-dimensional diffusion. This may also apply in the case of Cas1--Cas2.

Binding of a protospacer-like DNA to Cas1--Cas2 enhances binding of the protein to a CRISPR-containing DNA. This synergy is likely to be related to the described large Cas1--Cas2 structural rearrangement that accompanies protospacer association ([@B27],[@B28]). Such a structural change may be a prerequisite in the recruitment of Cas1--Cas2 by acceptor DNA.

Formation of a stable complex between Cas1--Cas2 and acceptor DNA occurs in the presence of double-stranded protospacers as well as of various partially matched oligonucleotides. As an exception, duplexes with 3΄-overhangs longer than 5 bases bind Cas1--Cas2 with high affinity but do no longer form a stable complex with acceptor DNA, even in the presence of a PAM sequence (CTT) in the 3΄-overhangs. The structures of the 1:1 Cas1--Cas2 : protospacer complexes suggest that five unmatched bases at the 3΄-end of the protospacer are required for this 3΄-end to reach the active site of Cas1 where the attack of acceptor DNA takes place ([@B27],[@B28]). Possibly when the 3΄-overhang length exceeds five nucleotides, a steric and/or electrostatic clash between protospacer and acceptor DNA prevents binding of the Cas1--Cas2--protospacer complex to acceptor DNA. Interestingly, this raises the possibility that, upon cleavage of the PAM motif by Cas1--Cas2 ([@B28]), affinity of the Cas1--Cas2--protospacer complex for acceptor DNA improves. In Figure [6](#F6){ref-type="fig"}, we compare ternary complex formation in the presence of protospacer P10, which harbors long 3΄-overhangs, or P3, which corresponds to mature 3΄-shortened P10. The stronger affinity of P3-bound Cas1--Cas2 for CRISPR DNA sustains the above hypothesis.

In our study, formation of a stable ternary complex requires a supercoiled acceptor DNA. This finding is consistent with the observation that supercoiling of acceptor DNA enhances the Cas1--Cas2-mediated covalent attack of this DNA by a protospacer *in vitro* ([@B30]). Because Cas1 is also known to recognize four-way DNA junctions ([@B31]), it was proposed that the palindromic motif of the repeat adopts a cruciform structure when it interacts with Cas1--Cas2 ([@B30]). We show here that many bases forming this putative cruciform structure are important for the interaction with protospacer-bound Cas1--Cas2. In particular, changing base pairs in the stem regions prevents formation of the stable ternary complex. On the other hand, our results do not allow to decide whether Cas1--Cas2 recognizes a linear or a cruciform palindrome DNA structure.

In summary, our study brings to light the importance of the sequence of the palindromic motif present in the *E. coli* CRISPR repeats for the specific interaction of Cas1--Cas2 with a CRISPR locus. Results also uncover a synergistic effect of protospacer in the binding of Cas1--Cas2 to this motif. Recent *in vivo* investigations using the type I-B CRISPR--Cas system of *H. hispanica* and the type I-E system of *E. coli* revealed that accurate duplication of the repeat during adaptation required bases located in and between the palindromic motifs of the repeats ([@B39]--[@B41]). Our biochemical results suggest that recognition of these bases is in fact achieved by protospacer-bound Cas1--Cas2.

Beyond understanding the specificity rules of the CRISPR adaptation phase, gaining insights into target site recognition by Cas1--Cas2 intregrase may contribute to the emergence of new genome-editing technologies. For instance, *E. coli* Cas1--Cas2 was recently used to record information into genomes, with many potential applications ([@B42]). Evolving the target specificity of Cas1--Cas2 and expressing in a same cell integrases of different specificities may help the development of such methods.
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